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TECHNICAL  REPORT  SUMMARY 


The  technical  objective  of  this  program  is  the  development  of  an  efficient 
photocathode  for  the  1.5  micron  region  of  the  infrared  spectrum.  No  such 
photocathode  exist...  today.  The  concept  of  the  heterojunction  photo  cathode  pro¬ 
posed  by  us  earlier ^ ,  represented  a  new  approach  to  the  development  of  an 
infrared  cathode. 

This  approach,  exploited  on  this  contract,  led  to  the .discovery  of  the 

(2) 

most  efficient  (at  that  time)  1.06  micron  photo eatliodc  .  Further  improvements 

in  this  cathode  have  been  made,  and  even  today  it  remains  the  most  efficient 
1.06  micron  photocathode  yet  developed.  Continued  development  of  infrared 
cathodes  on  this  project  has  led  to  photoeathodes  having,  for  the  first  time, 
usable  response  out  to  1.3  microns,  see  Figure  3. 

In  Section  1.0  of  this  report  we  show  that  the  "optimum  thickness"  of 
Cs-0  low-work“f unction  surfaces  used  in  processing  heterojunovion-type  cathodes 
is  wavelength  dependent.  A  simple  empirical  relationship  describing  this  de¬ 
pendence  is  derived.  It  is  shown  that  the  optimum  thickness  increases  ex¬ 
ponentially  with  wavelength.  In  Section  2  the  effect  of  thick  Cs-0  layers 
on  photoemission  from  GaAs  and  InAsQ  ^PQi6  cathodes  is  given.  Simple  empirical 
relationships  between  the  yield  and  thickness  and  between  the  escape 
probability  and  thickness  are  derived.  It  is  shown  that  the  increased  Cs-J 
thickness  required  to  optimize  the  infrared  response  of  lower  bandghp  materials 
is  in  large  part  responsible  for  their  lower  photoresponsc. 

We  have  abandoned  the  simple  "heterojunction"  cathode  approach  in  favor 
of  an  approach  which  provides  for  optical  absorption  in  a  small  bandgap  material 
which  is  in  contact  with  a  large  bandgap  material  known  to  have  a  high  electron 
escape  probability. 

“(1)  H.  Sonnenberg,  Appl.  Phys.  Letters  14  289  (1969). 

(2)  Quarterly  Management  Report  #1  (Feb.  10,  1970);  H.  Sonnenberg, 

Applied  Physics  Letters  16^,  245  (1970). 
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Section  1 


WAVELENGTH  DEPENDENCE 


OF  OPTIMUM  THICKNESS 


OF 


Cs~0 


LOW-WORK-l-UNCT ION  SURFACES 


In  the  Cs-0  processing  of  a  negative-electron-affinity-type  infrared- 
photo  cathode  one  commonly  finds  that  the  photoresponse  in  the  visible  spectrum 
peaks  earlier  than  the  infrared  response.  Continued  processing,  beyond  that 
required  to  optimize  the  visible  response  generally  leads  to  continued  improve¬ 
ment  in  the  infrared  response,  but  at  the  expense  of  the  response  in  the  visible. 
Thus  for  a  given  infrared  cathode,  different  thicknesses  of  Cs-0  low-work-function 
material  are  required  to  optimize  the  photoresponso  at  different  wavelengths . 

We  have  investigated  this  behavior  in  detail  for  IllA-so.4Po.6_^Cs~°^  and  rePort 
here  a  very  simple  empirical  relationship  between  optimum  thickness  and  wave- 
■  length. 

InAs  ,P„  ,  with  a  bandgap  less  than  1  eV  was  choosen  since  its  useful 

0.4  0.6 

photoresponse  extends  over  a  broad  spectral  range  to  1.3  microns.  The  yield 
curves  for  different  levels  of  Cs  and  02  exposure  were  directly  recorded  with 
a  phase-sensitive-detection  apparatus  and  a  Perkin- Elmer  E-l  scanning  mono¬ 
chromator.  A  complete  scan  from  0.45  microns  to  1.4  microns  takes  about  15 
minutes . 

The  photoresponse  of  the  InAs^  ^Pq  ^  cathode  with  one  monolayer  of 
on  the  surface  was  first  recorded.  The  simultaneous-exposure  technique 
was  then  used  to  process  the  cathode  with  Cs  and  C>2  in  approximately  one- 
monolayer-of-Cs  steps.  The  photoresponse  at  the  end  of  each  step  was  recorded. 


2 


To  avoid  Cs  loos  from  the.  cathode  between  processing  steps,  the  Cs  channel, 
rather  than  being  turned  off  completely,  was  turned  down  so  that  the  arrival 
rate  of  Cs  atoms  at  the  cathode  surface  was  in  equilibrium  with  the  loss  rate. 
Stability  in  the  photoresponse  at  each  exposure  level  could  easily  be  maintained 


this  way. 

To  investigate  the  effect  of  increasing  Cs-0  coverage  on  the  photo- 
response  of  the  cathode,  the  yield  was  plotted  as  a  function  of  Cs  exposure 
for  different  wavelengths  as  shown  in  Figure  1.  Each  vertical  set  of  points 
represents  the  photoresponse  of  the  cathode  at  that  particular  level  of  Cs  and 
02  exposure.  The  first  set  of  points  (at  1.0  monolayers)  is  for  Cs  only,  and 
subsequent  sets  of  points  are  for  increasing  Cs-0  exposure,  measured  in  terms 

of  Cs  monolayers. 

Figure  1  clearly  shows  that  different  thicknesses  of  Cs-0  layers  are  required 

to  optimize  the  photoresponse  at  different  wavelengths.  For  example,  the 

photorespoase  at  4500X  is  optimized  by  a  coverage  of  only  about  2.2  monolayers 

of  cs  whereas  the  photorespoase  at  10,500S  is  not  optimized  until  the  coverage 

.  „  (3) 

has  grown  to  approximately  4.2  monolayers  of  Cs. 

The  thickness  corresponding  to  the  maximum  photoresponsa  (optimum 
thickness)  at  the  different  wavelengths  is  plotted  in  Figure.  2  as  a  function 
of  wavelength.  The  data  points  from  0.45  microns  to  1.1  microns  are  taken  from 
the  position  of  the  maxima  of  the  parametric  curves  of  Figure  1,  whereas  the 
points  at  1.3  microns  are  taken  from  a  number  of  different  experiments  where 
the  processing  was  not  interrupted  until  the  response  at  1.3  microns  was 

optimized* 
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PERCENT  QUANTUM  EFFICIENCY  IELECT  I  INC.  PHOTON! 


THICKNESS  (MONOLAYERS  Cs) 


OPTIMUM  THICKNESS  (MONOLAYERS  OF  Cs) 


It  is  apparent  from  Figure  2  that  the  amount,  t,  of  Cs-0  (measured 
i  monolayers  of  Cs)  required  to  optimize  the  photoresponse  is  exponentially 
undent  on  the  wavelength,  X  (micrometers)  i.e., 

t  =  T  e3X  (1) 

For  this  particular  exp  riment,  T  »  1.4  monolayers  of  Cs(4)  and  3  =  1-02  micro¬ 
meters"1.  We  have  verified  the  exponential  dependence  for  continuously,  processed 
cathodes  as  well.  We  find  in  general,  however,  that  thinner  .Cs-0  coverage  is 
required  to  optimize  the  photoresponse  of  continuously  processed  cathodes,  as 
demonstrated  in  Figure  2,  and  that  the  overall  photoresponse  of  these  cathodes 
is  much  better  than  that  of  cathodes  for  which  the  processing  is  interrupted. 

To  underscore  this,  compare  the  yield  curve  shown  in  Figure  3  to  the  data  at 

(5)  f 

4.8  monolayers  shown  in  Figure  1.  Figure  3  shows  the  spectral  response  of 
*  the  cathode  represented  by  the  point  in  Figure  2  at  1.3  microns  and  4.9  mono- 

layers  of  Cs^. 

One  may  well  ask  if  the  exponential  relationship  given  by  equation  (1) 
is  applicable  only  to  InAs^^  or  if  it  is  more  universally  applicable.  Al¬ 
though  we  have  not  specifically  attempted  to  determine  the  wavelength  dependence 
of  the  optimum  thickness  for  InAs^Pg  the  data  that  we  do  have  are  in 
agreement  with  equation  (1).  We  have  also  attempted  to  verify  equation  (1) 
for  GaAs.  The  parametric  curves  (comparable  to  those  of  Figure  1)  exhibit  a 
very  broad  maximum  which  makes  interpretation  difficult.  If  the  optimum  thick¬ 
ness  for  GaAs  is  exponentially  dependent  on  the  wavelength,  then  8  is  very 
small.  It  may  be  however,  that  equation  (1),  and  this  is  purely  conjecture,  is 
applicable  only  to  cathodes  in  which  the  top  of  the  interfacial  barrier  is  above 
the  bottom  of  the  conduction  band. 
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Section  2 


EFFECT  OF  THICK  Cs-0  LAYERS  ON  PHOTO EU1S SION 
FROli  NEGATIVE- ELECTRON- AFFINITY  CATHOUEu 


The  efficiency  of  small-bandgnp-NEA  cathodes  near  threshold  is  much 
less  than  the  efficiency  near  threshold  of  larger-bnndgap  materials.  For 
example,  the  yield  of  InAs^P^  at  1.3  microns  is  only  about  10  3  that  of 
GaAs  at  0.85  microns.  The  major  cause  for  this  difference  has  boon  correctly 
indentified  ns  due  to  luterfacinl-barrier  offsets*7  A  However  since  thicker 
cesium-oxide  coverage  is  required  to  optimize  the  photoresponse  of  smaller- 
bandgap  materials  (]\  part  of  the  difference  in  threshold  yield  should  be  due 
to  this  difference  in  thickness.  We  have  investigated  the  effect  of  thick 
Cs-0  layers  on  photoemission  from  NEA  cathodes  and  show  that  a  substantial 
decrease  in  yield  may  be  expected  on  the  basis  of  the  difference  in  thickness 
alone.'  A  simple  empirical  relation  giving  the  effect  of  thick  Cs-0  layers  on 


photoemission  is  derived. 

The  yield  data  were  directly  recorded  with  an  analog  recording  system 
which  included  a  phase-sensitive- Jotection  apparatus  and  a  scanning  monochromator 
The  09  exposure  was  recorded  with  a  partial  pressure  analyzer,  and  was  used  as 
a  check  on  the  Cs  coverage' (S)  which  was  estimated  by  timing  the  exposure  periods 
as  described  in  reference  1.  Photoemission  measurements  were  made  on  GaAs  and 
InAs  P  ,,  sensitized  with  Cs  and  02  by  the  simultaneous-exposure  technique*1*. 

0  •  A  0  •  o 
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The  spectral  response  with  the  Infrared  yield  optimized  was  firnt, 
recorded.  Additional  yield  curves  were  then  recorded  for  increasing  Cs  and 
02  coverage.  To  avoid  Cs  loss  from  the  cathode  between  processing  steps,  the 
Cs  channel  was  turned  down  so  that  the  arrival  rate  of  Cs  atoms  at  the  cat.noda 
was  in  quilibriura  with  the  loss  rate.  The  point  of  equilibrium  was  estimated 
from  the  stability  of  the  pliotor^sponse  and  remained  essentially  the  same  at 

all  exposure  levels. 

The  quantum  efficiency  of  CaAs  at  7500^  is  shown  in  Figure  4  as  a  function 
of  thickness  measured  in  monolayers <2)  o£  Cs.  The  points  represent  the  expert- 
mental  values  and  the  solid  curve  represents  the  equation 


/I  “Si/tv 

n  (l  -  e  ) » 
o 


(2) 


•where  n  is  the  quantum  efficiency  (electrons/incident  photon)  as  a  function  of 
thickness  t  (monolayers  of  Cs);  is  the  peak  quantum  efficiency  (0.213  electrons/ 
incident  photon  for  the  curve  shown)  and  A  (0.65  monolayers  of  Cs  for  the  curve 
shown)  is  defined  as  the  attenuation  length.  The  thickness  t,  does  not  represent 
the  total  coverage  but  rather  the  coverage  beyond  that  required  to  optimize  the 
infrared  photoresponse.  The  total  coverage  is  given  by  t  -(*  +  tQ),  where 
t  is  the  coverage  required  to  optimize  the  infrared  response. 

Near  threshold  the  yield  of  III-V  NBA  cathodes  is  given  by  <l0> 


n  »  P(l-R)  F/[l  +  (1/aL)),  '31 

where  the  symbols  used  have  the  usual  meaning.  The  factor  F/[l  +  (1/aL)]  whicn 
accounts  for  the  generation  and  transport  of  the  photoelectrons  in  the  III-V 
semiconductor,  clearly  does  not  change  with  surface  treatment.  For  the  Cs-0 


QUANTUM  EFFICIENCY  (ELECT  (INC  PHOTON) 


*  ^  i 

layer  thicknesses  considered  here,  we  can  probably  safely  assume  that  the 
reflectivity  R  of  the  surface  remains  that  of  clean'  CaAs.  This  leaves  only 
th'p. escape  probability  1\  dependent  on  surface  treatment,  which  must  therefore 

mirror  the  thickness  dependence  of  n >  i*e* » 


P  -  P  <1  -  e"fc/t),  (A) 

o 

where  P  is  the  escape  probability  at  t  -  0.  A  similar  argument  will  quickly 
8tow  that  equation  (4)  should, be  valid  not  only  near  threshold,  but  over  the 

entire  spectral  range  of  response  of  the  III-V  NEA  cathode.  j 

To  verify  equation  (4)  experimentally  we  We  made  a  least-squares-f it 
analysis  of  equation  43),  and  our 'yield  data  at  each- exposure  level  to  determine 
'p(t).  The  points  given  in  Figure  5  represent  the  escape  probabilities  at  750oX 
obtained  from  the  least-squared-fit  analysis  and  the  solid  curve  represents 
equation  (4)  with  the  escape  probability  <U>  Pc  -  0.63  and  an  attenuation  length 
%  *  0.65  monolayers  of  Cs.  As  expected^  the  same  attenuation  length  used  to  fit 
the  data  in  Figure  4, ’describes  the  data  in  Figure  5.  Equation  4  with  PQ  -  0.57 
and  l  -  10  "layers  of  Cs  -  0"  is  also  in  reasonable  agreement  with  the  estimated 

X-electrpn-es cape  probability  given  in  Figure  ^  of  Reference  12. 

The  attenuation  length  l,  is  not  constant  however,  and  Figure  6  shows  its 
wavelength  dependence.  For  the  r  electrons,  A  is  approximately  constant  at 
0.65  monolayers  of  Cs.  We  would  expect  a  constant  attenuation  length  for  this 
case  since  moat  of  the  photoelectrons  arriving  at  the  surface  have  themalized 
•in  the  r -conduction-band  minimum.  At  shorter  wavelengths,  %  increases  and  appears 
to  saturate  at  about  1.0  monolayer  of  Cs.  . 
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ESCAPE  PROBABILITY 


I’iguru  j  uiiCKness  uupcnucncu  oi  cne  escape  proeaexxiuy  r ,  oi.  euas  au  /ouu 
The  points  represent  the  experimental  data  and  the  solid  curve  is 
1  a  plot  of  the  equation  P  =  0.  63(l-e”0"  65/t) . 


ATTENUATION  LENGTH  (MONOLAYERS  Cs) 


We  iiaye  also  verified  equation  (2)  lor  •lnAr'o.  4^0.6  ‘  7  oll0W" 

the  thickness  dependence  of  the  yield  from  I»AsQ  ^  ^  at  0.63  microns  (upper 
curve)  and  0.7  microns  (lower  curve).  The  points  on  the  curves  arc  the  actual 
data  points,  and  the  solid  line  represents  equation  (2)  with  nQ  “  0.062  and 
l  -  0.6  for  the  upper  curve, and  no  -  0.0336  and  l  -  0.6  for  the  lower  curve. 

If,  as  in  reference  1,  we  assume  that  the  sticking  coefficient  of 

0.3) 

C  on  InAsrt  ,PA  ,  and  on  GaAs  does  not  change  significantly  with  coverage, 
s  0. 4  U. u 

then  the  Cs-0  low-work- function  surface  in  an  infrared-optimized  l»A-tJ0. /4P0. 6 

cathode  is  approximately  2.3  monolayers  of  Cs  thicker  than  that  of  optimized 

GaAs.  From  equation  2,  with  A  -  0.65  monolayers,  we  find  that  an  additional 

2.3  monolayers  of  Cs  would  reduce  the  infrared  photoresponse  of  GaAs  by  a 

factor  of  about  A.  Wa  do  not  have  sufficient  data  on  InAs^P^g  to  allow  uo 

to  determine  its  attenuation  length  near  threshold,  however  from  Figure  7,  we 

*  expect  that  it  will  be  smaller  than  0.65  monolayers.  Consequently  alone  on 

the  basis  of  the  increased  thickness  required  to  optimize  the  infrared  response 

of  InAs  .PA  we  would  expect  the  threshold  response  of  InA»0>/4p0.6  t0  be 
0.4  O.b  (i4) 

lower  than  that  of  GaAs  by  a  factor  of  5  or  more  . 
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QUANTUM  EFFICIENCY  (ELECT  il NC.  PHOTON) 


Figure  7  Thickness  dependence  of  the  quantum  efficiency  q  of  ^n!jo,4^Q,6  al* 
6300/1  (upper  curve)  and  7000A  (lower  curve).  The  points 
represent  the  experimental  data  and  the  solid  curvet;  are  plots  . 
^o£  the  equations  p  “  0.062(1  -  e’"^*6/i)  and  p  n  0.03.35(1  -  e 
for  the  upper  and  lower  curves  respectively. 

<U. - i-  r--.,T  — - — - ;  “  - 


THICKNESS  (MONOLAYERS  Cs) 
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